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Introduction:  Volatile compositions of asteroids 

provide information on the Solar System history and the 

origins of Earth's volatiles. Visible to near-infrared 

observations at wavelengths of < 2.5 μm have suggested 

a genetic link between outer main belt asteroids located 

at 2.5–4 au and carbonaceous chondrite meteorites 

(CCs) that show isotopic similarities to volatile 

elements on Earth. However, recent longer wavelength 

data for large outer main belt asteroids show 3.1 μm 

absorption features that are absent in CCs. Though 

several bodies have been classified as Ceres- 

(ammoniated phyllosilicates) or Themis-type (water 

ice) by using ground-based observations [1,2], the 

dominant cause for the 3.1 μm absorption features of 

large outer main belt asteroids has not been fully 

understood. Moreover, the reason why the material is 

present only in the above-mentioned asteroids and 

absent in CCs has not been elucidated. 

Here, by combining data collected by the AKARI 

space telescope and hydrological, geochemical, and 

spectral models of water-rock reactions, we show that 

the surface materials of asteroids having 3.1 μm 

absorption features and CCs can originate from outer 

and inner regions of a single, water-rock-differentiated 

parent body which formed beyond the NH3 and CO2 

snow lines (see [3] for details). 

Spectral data analysis: AKARI infrared space 

telescope obtained the reflectance spectra of 66 large 

main belt asteroids, 25 of which are C-complex and D- 

and T-type asteroids [4]. We excluded four samples 

with unreliable spectra at any of the absorption bands 

we are interested in, following the criteria set by Usui et 

al. [4], and used the rest of samples. We fitted the 

spectral data with 16th-order polynomials and analyzed 

2.7 and 3.1 μm absorption bands. 

Our spectral analysis of band centers showed that 

water ice-coating, whose absorption is centered at 

∼3.08 μm, was not responsible for these 3.1 μm 

absorption features in most cases but rather that Ceres-

like ammoniated phyllosilicates with band centers 

<3.08 𝜇m [5] were consistent with the observed band 

centers (Figures 1a). The observed absorption widths 

were also consistent with ammoniated phyllosilicates 

(0.2–0.3 μm) rather than water ice (> 0.4 𝜇m). Among 

the 13 bodies, only one (24 Themis) was more 

consistent with water ice, and two others (52 Europa and 

128 Nemesis) could be explained by either ammoniated 

phyllosilicates or water ice, or both. 

Figure 1. (a). Center and width of the 3.1 μm absorptions for 

asteroids observed using AKARI (gray circles and squares 

for C-complex and D- and T-types, respectively) compared 

to a successive set of mineral assemblages from Case 2 

alterations with changing W/R (blue line with W/R values 

given; 0°C model) and, alternatively, linear mixing fractions 

of the water-ice coating model [6] with an observed asteroid 

(2 Pallas) that lacks 3.1 μm absorption (purple line with the 

values of water-ice coating model fraction given). (b) 

Comparison of absorption features between the model and 

observations. Data points correspond to C-complex and D- 

and T-type asteroids observed using AKARI (filled gray 

circles and squares) and CI and CM carbonaceous chondrites 

(open orange circles), respectively. The linear correlation 

coefficient and its significance level are R = −0.72 and p = 

0.00026, both of which support that the two values are (anti-

) correlated. The blue line represents Case 2 at 0°C with the 

changing the initial W/R input (the W/R values are given in 

the figure). Adapted from [3]. 
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Geochemical and spectral modeling: Next, we 

modeled water-rock reactions in the molten stages of icy 

planetesimals. The water-rock ratio (W/R), a driving 

parameter in our simulation was explored for the range 

of 0.2 < W/R < 10 (the mass ratio). For the initial fluid, 

three cases were assumed: Cases 1 (pure H2O), 2 (H2O 

+ NH3 0.5% + H2S 0.5% + CO2 1%), and 3 (H2O + NH3 

0.5% + H2S 0.5% + CO2 10%). The equilibrium 

temperature and pressure were assumed to be 0, 100, 

200, 300, and 350°C, and saturated vapor pressure of 

water. The thermodynamic calculations of water-

chondrite reactions were conducted using the EQ3/6 

computer code [7]. The synthetic infrared reflectance 

spectra of model mineral assemblages remaining after 

the water-rock reactions were calculated by adopting the 

radiative transfer model for granular surfaces [8]. 

Ammoniated saponite appeared only when NH3-ice 

was present in the starting material (Cases 2 and 3), at 

high W/R (> 4 and > 0.4 for Cases 2 and 3, respectively), 

and at T ∼ 0°C. Observed spectra of AKARI samples 

showed clustering of two groups in the 2.7 and 3.1 μm 

absorption depth plot, which can be explained via the 

change in the dominant hydrous phase from serpentine 

to ammonia-bearing saponite with increasing W/R at T 

= 0°C with a single bulk volatile composition (either 

Case 2 or 3). (Figure 1b). The observed but relatively 

shallow 3.4 μm absorption in Ceres global average 

spectrum acquired using Dawn [9] was consistent with 

an initial bulk composition depleted in CO2, compared 

to comets (Case 2 rather than Case 3). 

Discussion:  Based on these results, we propose that 

both Ceres-type materials containing ammoniated 

phyllosilicates and CCs-type materials formed in water-

rock differentiated bodies which formed as icy 

planetesimals beyond the NH3 and CO2 snow lines (> 

10 au in the current Solar System) and thus accreted 

NH3 and CO2 ice in addition to H2O ice (Stage 1, Figure 

2). Their different mineral assemblages result from 

water-rock differentiation and consequent vertical 

gradients of W/R, temperatures, and pH within a single 

body (Stage 2). Freezing and subsequent sublimation of 

near-surface ice leaves lag deposits which are observed 

today (Stage 3). Because collisionally-produced, ice-

cemented fragments of the ice mantle would be 

disaggregated in the inner Solar System, these materials 

cannot be sampled as meteorites (Stage 4). This could 

explain the difference between asteroid surfaces and 

CCs. However, NH4-bearing salt and/or mineral may be 

found in returned samples from C-complex asteroids. 
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Figure 2. A scenario for the formation and evolution of large C-complex asteroids in the main belt and its relationship to 

carbonaceous chondrites. Stage 1: Accretion. Stage 2: Differentiation and alteration. Stage 3: Freezing. Stage 4: Catastrophic 

disruption. Adapted from [3]. 

1. Accretion

CO
2

CO
2

W/R>3

3. Freezing

2. Differentiation

H
2
O

Hydrated regolith

(2.7, 3.1, 3.4 μm abs.)

4. Disruption

Fragmentation

→ sublimation to leave rocky dust

Fragmentation

→ Meteorites

(2.7 μm abs. dominant)

W/R<1

Porous rocky core

Muddy subsurface ocean

Icy mantle

Hydrated core

Hydrated regolith

Rock-ice mixture 

(cometary composition)

H
2
O

H
2
O

1676.pdf53rd Lunar and Planetary Science Conference (2022)


